This report documents ultrastructural changes in the postacrosomal region of the hamster and mouse sperm head at the initial stage of gamete interaction in vivo. Prominent structures were sequentially visualized: first, the periodic substructure crossbridging the postacrosomal sheath to the overlying plasma membrane, and then the small, electron-dense, granular structures lining the outer surface of the postacrosomal sheath. The periodic substructure became visible at the restricted region where the sperm plasma membrane was just prior to or in the act of detaching from the periodic substructure. The granular substances lined up along the external face of the postacrosomal sheath immediately after the detachment of the sperm plasma membrane, but before the complete degradation of the periodic substructure. These structural changes were completed before sperm nuclear decondensation started. The region where the granular structures were visualized was close to that of the antigen recognized by the monoclonal antibody MN13, which is supposed to be involved in the association of the periodic substructure with the overlying plasma membrane (T0sHIMORI et al., 1991). Based upon these results, we present the progress of events at the initial stage of gamete interaction.
Summary.
This report documents ultrastructural changes in the postacrosomal region of the hamster and mouse sperm head at the initial stage of gamete interaction in vivo. Prominent structures were sequentially visualized: first, the periodic substructure crossbridging the postacrosomal sheath to the overlying plasma membrane, and then the small, electron-dense, granular structures lining the outer surface of the postacrosomal sheath. The periodic substructure became visible at the restricted region where the sperm plasma membrane was just prior to or in the act of detaching from the periodic substructure. The granular substances lined up along the external face of the postacrosomal sheath immediately after the detachment of the sperm plasma membrane, but before the complete degradation of the periodic substructure. These structural changes were completed before sperm nuclear decondensation started. The region where the granular structures were visualized was close to that of the antigen recognized by the monoclonal antibody MN13, which is supposed to be involved in the association of the periodic substructure with the overlying plasma membrane (T0sHIMORI et al., 1991) . Based upon these results, we present the progress of events at the initial stage of gamete interaction.
The mammalian sperm head consists of two major domains: the acrosome and the postacrosomal regions. Each part contains small amounts of cytoskeletous components and cytoplasm. The characteristic cytoskeletal components in the head are the perforatorium (subcellular structure) and the postacrosomal sheath. The former leads to the inner and outer acrosomal membranes which are mutually connected by periodic crossbridges at the equatorial segment, while the latter surrounds the nuclear membrane at the postacrosomal region (L0NG0 et al., 1987; OLSON and WINFREY, 1988; TOSHIMORI et al., 1991) . These two structures are also called "perinuclear matrices" (BELLVE et al., 1992) .
Transmission electron microscope images show the postacrosomal sheath as an electron-dense layer 10-15 nm thick. The postacrosomal sheath runs along the axis of the sperm head from the posterior margin of the equatorial segment distally to the posterior ring, being interposed between the outer nuclcear membrane and the overlying plasma membrane. The postacrosomal sheath is connected to the inner face of the overlying plasma membrane by the aid of the periodic substructure which is a component of the postacrosomal sheath. This substructure emerges from the postacrosomal sheath toward the overlying plasma membrane (FAWCETT, 1975; TOSHIMORI et al., 1991) (Fig. 1) . Physico-chemically, the postacrosomal sheath is resilient to extraction with detergent and exposure to high salt buffers (LONGO et al., 1987; OLSON and WINFREY, 1988) , and the periodic substructure is not well visualized in intact sperm due to an electrondense substance intensely surrounding the structure when assessed by conventional thin sectioning. Although there are some reports on the structure of the postacrosomal sheath (for review, EDDY, 1988), the structure has yet to be thoroughly analyzed. The term "periodic substructure" used in this report is alternatively called the "paracrystalline sheet" (L0NG0 et al., 1987) or the "paracrystalline substructure" (OLSON and WINFREY, 1988) .
Three components have been identified in the postacrosomal region, consisting of 60 kDa (calicin) (LONGO *This study was supported by the Japanese Ministry of Education, Science and Culture (Grant-in-aid for general scientific research No. 01570014).
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K. TOSHIMORI and C. OURA: et al., 1987; PARANKO et al., 1988) and 58,000 (58 kDa) (OLSON and WINFREY, 1988) proteins, the former of which is supposed to be a keratin-like protein, and the antigen of the monoclonal antibody MN13 (MN13 antigen) with a tentative molecular mass of 40-60 kDa (TOSHIMORI et al., 1991) . Of these, the former two proteins are located in the space between the postacrosomal sheath and the underlying nuclear membrane, whereas the MN13 antigen is associated with the outer layer of the periodic substructure, or between the tip of the periodic substructure and the overlying plasma membrane. Therefore, the MN13 antigen is believed to be involved in the association of the periodic substructure with the overlying plasma membrane (TOSHIMORI et al., 1991) . Multiple 8-70 kDa proteins are reportedly present in both the perf oratorium and the postacrosomal sheath as substances of a perinuclear theca (BELLVE et al., 1992) .
Functionally, the plasma membrane of the postacrosomal region is involved in the initial gamete interaction (YANAGIMACHI, 1988; OURA and TOSHIMORI, 1990) .
These lines of accumulating evidence led us to re-examine the fate of the postacrosomal region during gamete interaction, focusing upon the relationship between the ultrastructural change and localization of related molecules. The hamster and mouse gametes examined in this study were all obtained by in vivo fertilization.
MATERIALS AND METHODS

Animals
Male and female golden hamsters and ICR strain mice, ranging from 10-40 weeks old, were maintained in a light-and temperature-controlled room of the Animal Facilities of Miyazaki Medical College, with free access to food and water.
In vivo fertilization Induction of ovulation by hormonal treatment: This procedure has been reported previously (TOSHIMORI, 1982; TOSHIMORI and OURA,1982; OURA and TOSHIMORI, 1986) . In brief, hamster female ovulation was controlled by the injection of 20 IU (international units) of hCG (human chorionic gonadotropin, Teikoku Zoki Co., Tokyo, Japan) into the intreperitoneal cavity. The vaginal discharge of hamster females was checked every day during the cycle (4 days in each cycle). The hCG was injected on the third day of the estrus cycle. Female mice were injected with 2 IU of PMS (pregnant mare serum, Sankyo Zoki Co., Tokyo, Japan), and 48 h later with 2 IU of hCG regardless of the estrus cycle. Recovery of the gametes Hamster gametes were recovered 15 to 18 h after HCG injection, and 3.5-5 h after vaginal plug formation. The mouse gametes recovered 12 to 17 h after HCG injection, 1-3 h after vaginal plug formation. Plug formation was checked by eye, and females with plugs were sacrificed either by dislocation of the neck or by chloroform or sodium pentobarbital anesthesia. Thereafter, the female reproductive tracts were perfusion-fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer through the thoracic aorta. The ampullar segments fixed in situ were then removed en masse. The specimens were further immersed in the same fixative for 2-3 h, then washed three times for 10 min each. The ampullar segments were immersion-fixed in 2% osmium tetroxide for 2 h, then routinely embedded in Epoxy 812 resin. The mouse ampullar segments were block-stained with 2% uranyl acetate during 70% ethanol dehydration to prepare semithin sections which were observed at 200 kV accelerating voltage. Thin or semithin sections were made with a glass knife on LKB Ultratomes. The sections were then mounted on copper (#100-200 mesh) or on double mesh copper grids (#75) for thin (70-100 nm in thickness) and semithin sections (150-200 nm in thickness), respectively. The thin sections were stained with uranyl acetate and lead citrate in a LKB model 2168 Autostainer, whereas the semithin sections were stained only with lead citrate in the same manner, since uranyl acetate staining had been completed as described earlier. Toluidine blue staining facilitated zygote screening. In total, two hundred zygotes were observed under a JEOL 2000X electron microscope at 80 kV accelerating voltage for thin sections and at 200 kV for semithin sections.
RESULTS
The major domains and the components of the hamster sperm head are shown schematically (Fig. 1 ). The findings are described according to this definition.
The first structural change occurred on the postacrosomal sheath-associated elements at the initial stage of gamete interaction immediately after sperm and egg plasma membrane fusion, but before the initiation of sperm nuclear decondensation. Because of the asynchrony of sperm penetration and the fleeting nature of the process of sperm-egg fusion, it was quite difficult to obtain images of the initial step. We successfully analyzed this process in four hamster and two mouse spermatozoa.
All six fertilized (activated) eggs were still in the metaphase of the second meiotic division when assessed by light or electron microscopy. Typical features of hamster gamete interaction are shown in Figures 2 and 3 (protocol number #811-3), and of mouse gamete interaction (protocol number #278-2) in Figure 4 . In hamster zygotes (Figs. 2, 3) , the anterior to middle portion of the postacrosomal region had already sunk and was found in the egg cortex. Many long microvilli were interacting with the plasma membrane of the equatorial segment and the postacrosomal region. The most posterior part of the postacrosomal region was confirmed in the perivitelline space by serial sectioning (not shown). A prominent change found at this stage was the appearance of the periodic substructures (Fig. 3) and small, electron-dense, granular substances (Figs. 2, 3 ). These prominent structures transiently occurred, and they appeared to be spatiotemporally related. The periodic substructure occurred at the narrow space between the postacrosomal sheath and the overlying plasma membrane. Around this region, the sperm plasma membrane was just prior to or in the act of detaching from the periodic substructure, showing great expansion toward the lateral (Fig. 3) . On the other hand, the granular substances, which were about 15-30 nm in diameter, transiently lined the external face of the postacrosomal sheath (Figs. 2, 3 ). These granules were found neither at the equatorial segment nor at the postacrosomal region where sperm plasma membrane detachment was absent; in other words, the occurrence was spatially restricted to the region where the sperm plasma membrane had just started to detach from the underlying periodic substructure.
In the mouse, a small, electron-dense, granular substance was also found (Fig. 4) . The periodic substructure was not found in this study. The granular substances appeared to be quite similar to those found in the hamster in terms of structure, timing of the appearance and location. The granules were also 15-20 nm in diameter (Fig. 4) . The appearance was also temporally restricted to the initial stage of gamete interaction and spatially restricted to the region where gamete plasma membrane fusion occurred. The granules were also present along the external face of the postacrosomal sheath. They were also absent on the equatorial segment and on the postacrosomal region where the sperm plasma membrane did not interact with the egg plasma membrane (Fig. 4) . These features were quite similar to those of the hamster.
Structural changes were not found in unfertilized spermatozoa approaching the oocytes (not shown). In contrast, all structural components of the postacrosomal region of fertilized spermatozoon, which had started nuclear decondensation, appeared to have already dissociated and were absent (not shown).
DISCUSSION
This study shows that spatiotemporally restricted structures appear at the initial stage of gamete interaction in vivo: the periodic substructure and the granular structures.
These structures sequentially appear before the sperm nuclear matrix undergoes dissociation.
These structures were found in the hamster and mouse, although the periodic substructure was not clearly evident in the mouse. This vagueness in the mouse is presumably because the periodic substructure has dissociated at a much earlier stage than that obtained. In fact, the earliest image of mouse gamete interaction shown in Figure 4 indicates that the gamete plasma membrane fusion has already reached the region near the posterior ring. The gamete plasma membrane fusion is known to advance from the initial fusion point, which generally occurrs at the equatorial segment and/or the anterior third of the postacrosomal segment, to the posterior ring region (BEDFORD and COOPER, 1978; BEDFORD et al., 1979; YANAGIMACHI, 1988; OURA and TOSHIMORI, 1990) . These results suggest that the stage of the mouse gamete interaction shown in Figure 4 is more advanced than that of the hamster shown in Figures 2 and 3 . However, we cannot deny the possibility that this failure may also be due to the thickness of the semithin sections used for the mouse. It is apparent that the periodic substructure is present in the mouse as shown in our previous study, in which the substances surrounding the periodic substructure were removed using mild detergent (TOsHIMORI et al., 1991) .
The granular substances occur just after the detachment of the plasma membrane from the periodic substructure.
The periodic substructure is supposed to be completely dissociated before the basal part of the postacrosomal sheath is degraded, because the innermost electron-dense layer of the postacrosomal sheath was visible even after the disappearance of the periodic substructure. Thereafter, the basal part of the postacrosomal sheath is completely dissociated. As such, the degradation of the postacrosomal region-associated elements occurs immediately after the gamete plasma membrane fusion takes place.
The above series of events can be explained as follows. Immediately after gamete plasma membrane fusion, cytosolic components of the oocyte flow into the peri-postacrosomal space, and the substances which enclosed the periodic substructure start to disperse. This concomitantly induces the periodic substructure to unravel. As a result, the periodic substructure is transiently exposed and undergoes further degradation. Such a sequence of unraveling and degradation eventually causes the sperm plasma membrane to detach from the periodic substructure. At this moment, or immediately after the initiation of the degradation of the periodic substructure, electron-dense granular substances are formed and transiently appear, lining the postacrosomal sheath.
As to the molecules involved in the association with the structural components in the postacrosomal region, the granular substances occur close to the region where the MN13 antigen is reported to be present; the MN13 antigen is localized lining the tip of the periodic substructure (TOSHIMORI et al., 1991) . This characteristic entity of the MN13 antigen suggests that the appearance of the granular substances coincides with the disintegration of the MN13 antigen. The fact that the granules occurred before the postacrosomal sheath has been completely dissociated implies that the MN13 antigen should be liberated from the external surface of the periodic substructure. Although it is unclear how the granular substances are formed, they may be derived from components such as the degrading periodic substructure or other substances surrounding this area including MN13 antigen. It is also possible that the granular structures are a mixture of these components.
The other two cytoskeletal proteins located at the postacrosomal region, the 60 kDa calicin (LoNGO et al., 1987) and the 58 kDa protein (OLsoN and WINFREY, 1988) , may thus play a role immediately after the initiation of postacrosomal sheath dissociation, because they are localized inside the postacrosomal sheath, alternatively in the space between the postacrosomal sheath and the underlying nuclear membrane. The cytoplasmic substances surrounding the sperm nucleus, including varieties of "perinuclear matrices" (BELLVE et al., 1990 (BELLVE et al., , 1992 , should also be liberated soon after these cytoskeletal proteins are dispersed. The "pennuclear matrices" reportedly consist of 8-70 kDa proteins, spreading not only over the sperm cytoskeletal components such as the perforatorium and the postacrosomal sheath, but also over the karyoskeletal component forming a network of fibers distributed throughout the interior of the nucleus. These materials are presumed to function as a structural scaffold for the sperm nucleus. After the complete degradation of these components, sperm nuclear substances start to decondense in order to advance further the fertilization events leading to pronuclear development.
Finally, the fate of the molecules associating with the postacrosomal sheath or the perinuclear matrices should be precisely traced by immunoelectron microscopy in the future. Post-embedding immunoelectron microscopy with MN13 has not yet succeeded in tracing the antigen. A major obstacle is the difficulty in capturing this event and preserving the antigenicity.
